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ABSTRACT

The Lospe Formation is an 830-m-thick sequence of sedimentary and minor
volcanic rocks at the base of the onshore Neogene Santa Maria basin of central
California. Eighteen outcrop samples (14 from lacustrine and shallow-marine
mudstones of the Lospe Formation, and 4 from bathyal marine shales of the
overlying Point Sal Formation) were collected from a measured stratigraphic section
at North Beach (informal name) near Point Sal, and analyzed using Rock-Eval
pyrolysis and vitrinite reflectance. The Rock-Eval data indicate that mudstones of
the Lospe are low in organic carbon (range 0.18 to 0.80 weight percent, mean about
0.35 percent), and therefore are generally poor potential source rocks of petroleum.
In contrast, shales of the Point Sal Formation exhibit much higher total organic
carbon (range 1.47 to 3.63 weight percent, mean about 2.4 percent), and therefore are
good to very good potential source rocks. These results should be regarded as
preliminary because only a small number of samples were analyzed, and because
interpretation of the data is complicated by weathering effects, relatively high
thermal maturity, and evidence of migrated bitumen in some samples.

Vitrinite reflectance values (range 0.68 to 1.56 percent R, mean 1.29 percent
Ro) and calculated maximum burial temperatures (range 106 °C to 192 °C, mean 172
°C) of the Lospe and Point Sal Formations in the North Beach section are the
highest ever reported for Neogene rocks of the onshore Santa Maria basin. These
high values can be explained by a combination of burial heating plus a local heat
source such as a nearby gabbro sill and (or) a high-temperature hydrothermal
system. The local heating event is poorly dated but probably late early or early
middle Miocene, and may have stimulated thermal generation of oil and gas from
organic-rich strata of the Point Sal Formation.

INTRODUCTION

The onshore part of the Santa Maria basin is an important petroleum-
producing region in coastal California (fig. 1). Since the first commercial discovery
in 1901, more than 820 million barrels of oil and 810 billion cubic feet of associated
gas have been produced from this area (California Division of Oil and Gas, 1993).
Most of the hydrocarbon accumulations are trapped in anticlines bounded by
reverse faults, but a major stratigraphic trap occurs in the western Santa Maria
Valley field (Dunham and others, 1991). The most important producing reservoirs
are fractured siliceous rocks and dolomites of Miocene age, and sandstones of
Miocene and Pliocene age (Woodring and Bramlette, 1950; Dryden and others, 1968;
Crawford, 1971; Redwine, 1981; Roehl, 1981; California Division of Oil and Gas,
1991).

The principal petroleum source rocks in the Santa Maria basin are believed to
be organic-rich strata within the Miocene Monterey Formation (Woodring and
Bramlette, 1950; Crawford, 1971, Isaacs and Petersen, 1987, Dunham and others, 1991;
Lillis and King, 1991). However, some geologists have speculated privately that
stratigraphic units beneath the Monterey--including the Lospe Formation--might be












deposits; isotopic studies suggest that the sulfur in this gypsum was derived from
hydrothermal springs on the floor of the lake (M.L. Tuttle, U.S. Geological Survey,
oral communication, 1991; Stanley and others, 1992a). Lenses of non-welded
rhyolitic tuff as much as 20 m thick are interspersed throughout this interval, and
were deposited primarily as subaqueous pyroclastic flows and high-concentration
turbidites that may have originated from eruptive centers in the vicinity of the
Santa Ynez River fault (Cole and others, 1991a, 1991b; Cole and Stanley, 1994).

The uppermost 30 m of the Lospe consists of storm-deposited, plane-
laminated to bioturbated sandstone and bioturbated mudstone containing shallow-
marine microfossils. These shallow-marine deposits are abruptly overlain by the
Point Sal Formation, indicating rapid deepening from shelf to bathyal marine
environments (Stanley and others, 1991).

In the Point Sal area, the Point Sal Formation is more than 450 m thick and
consists mainly of dark gray to black silty shale with interbeds of turbidite sandstone.
Generally, the shale is hard, fissile, and calcareous, with fine laminations and
calcareous microfossils that suggest deposition in oxygen-poor environments at
bathyal water depths (Stanley and others, 1991). At some localities, freshly-broken
surfaces of the shale smell strongly of petroleum. Permeable sandstone beds of the
Point Sal Formation are petroleum reservoirs in the Orcutt, Casmalia, and Santa
Maria Valley fields (Woodring and Bramlette, 1950; California Division of Oil and
Gas, 1991).

Sedimentary rocks of the Point Sal Formation are intruded by basic igneous
intrusions mapped as “augite teschenite” by Fairbanks (1896) and as “diabase” by
Woodring and Bramlette (1950) and Dibblee (1989). In the North Beach area, one
such intrusion is a sill about 25-30 m thick that occurs about 40-50 m
stratigraphically above the base of the Point Sal Formation (fig. 2). According to
Fairbanks (1896), contact metamorphism has turned shales of the Point Sal
Formation to slate for a distance of about 3 m beyond the margin of the sill. The sill
rock is composed mainly of plagioclase, pyroxene, and altered olivine, and has a
silica (5i0O,) content of 47.64, corresponding to a basic (gabbroic or basaltic)
composition (Cole and Basu, 1995). No radiometric date has been obtained from this
sill, but it intrudes strata of the Point Sal Formation that contain benthic
foraminifers of the lower part of the Relizian Stage (Woodring and Bramlette, 1950)
and therefore can be no older than latest early Miocene (Bartow, 1992). The
youngest radiometrically-dated igneous rocks in the Santa Maria province occur in
the Obispo Formation of Hall and others (1966), and yield potassium-argon ages of
about 15-18 Ma (ages from Turner, 1970, corrected using the technique of Dalrymple,
1979). On the basis of these regional ages, we suggest that the sill in the North Beach
area was most likely emplaced during the late early or early middle Miocene.

METHODS

Eighteen rock samples (14 from the Lospe Formation and, for comparison, 4
from the Point Sal Formation) were collected from the North Beach section along
the sea cliff about 3.5 km southeast of Point Sal (figs. 1, 2). The rock samples were
taken from about 10 cm to 30 cm back from the outcrop faces in order to obtain the



freshest available material. All 18 samples were analyzed using a Rock-Eval II
pyroanalyzer, and 16 of these were examined for vitrinite reflectance, in the
laboratories of the U.S. Geological Survey, Branch of Petroleum Geology, in Denver,
Colorado. Duplicate vitrinite slides were prepared and analyzed from 14 of the
samples. Organic carbon was measured on all 18 samples in the laboratories of the
U.S. Geological Survey, Branch of Pacific Marine Geology, in Palo Alto, California.
The results of the Rock-Eval pyrolysis, vitrinite reflectance, and organic carbon
analyses are shown in tables 1, 2, and 3, and summarized in table 4. Processing and
examination of samples for palynomorphs were conducted in the laboratories of
Unocal Oil and Gas Division in Ventura, California.

Rock-Eval pyrolysis is a widely used method of rapidly evaluating the quality
and thermal maturity of prospective petroleum source rocks (Espitalié and others,
1977, 1984; Clementz and others, 1979; Tissot and Welte, 1984; Peters, 1986). The
procedure mimics, in some respects, the natural hydrocarbon-generation processes
that occur at much slower rates within the earth when sediments containing
kerogen (sedimentary organic matter) are buried progressively deeper and subjected
to increasing temperatures (Waples, 1985). Pulverized samples of rock are held at
250 °C for 3 minutes (the so-called “isothermal period”), then gradually heated from
250 °C to 600 °C at 25 °C per minute in an oxygen-free atmosphere, causing the
release of water, carbon dioxide, and hydrocarbons from the rock. Several
parameters are measured automatically by the Rock-Eval apparatus (table 1). The
quantity S1 is the amount of hydrocarbons (HC), measured in milligrams HC per
gram of rock, that is released upon initial heating to 250 °C; this quantity includes
the bitumen (free organic compounds, including gas and oil) already present in the
rock. The quantity S2 (also measured in milligrams HC per gram of rock) is the
amount of hydrocarbons generated by pyrolytic degradation (or “cracking”) of the
remaining organic matter in the rock and is an indicator of the potential of the rock
to generate additional oil and gas. Tmax is the temperature--generally about 400 °C
to 500 °C--at which 52 is at a maximum and is regarded as a rough indicator of
thermal maturity. S3 is the amount of carbon dioxide (in milligrams of CO2 per
gram of rock) generated during pyrolysis, and is thought to be related to the amount
of oxygen in the pyrolyzed organic matter. Calculated Rock-Eval parameters include
(1) the total organic carbon (TOC), in weight percent; (2) the hydrogen index (HI),
defined as the product 100(52/TOC) and sometimes expressed as mg HC/g C; (3) the
oxygen index (OI), defined as the product 100(S3/TOC) and sometimes expressed as
mg CO2/g C; and (4) the production index (PI), defined as the ratio S1/(S1 + 52).

Vitrinite reflectance (Ro) is a common method of determining thermal
maturity and is obtained by measuring the percentage of light reflected by vitrinite, a
type of kerogen formed from woody terrestrial plant material (Tissot and Welte,
1984; Waples, 1985). Higher values of vitrinite reflectance correspond to higher
levels of thermal maturity. The maturation of vitrinite is irreversible and related to
maximuin burial temperature (Barker and Pawlewicz, 1986) and perhaps also to
elapsed heating time (P.G. Lillis, U.S. Geological Survey, written communication,
1992).
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Table 2. Total carbon obtained by dry combustion, carbonate carbon obtained by coulometric
titration, and organic carbon determined by the difference between total carbon and carbonate
carbon, for samples from the Lospe and Point Sal Formations in the North Beach section. Also
shown, for comparison with organic carbon results, are values of Rock-Eval TOC (from table
1). See text for discussion

Sample Total carbon  Carbonate carbon  Organic carbon Rock-Eval TOC
number  Formation (weight (weight (weight (weight
percent) percent) percent) percent)
88C-129  Point Sal 3.76 1.48 2.28 1.47
DRV-12  Point Sal 2.85 1.03 1.82 1.81
DRV-11  Point Sal 4.79 1.16 3.63 3.57
88C-128  Point Sal 2.76 1.07 1.69 2.67
88C-127 Lospe 0.52 0.32 0.20 0.24
88C-125 Lospe 61 .16 45 .46
88C-124  Lospe 74 27 A7 .39
88C-123  Lospe 713 .36 37 41
88C-122 Lospe 1.05 24 .80 .68
88C-121 Lospe 0.49 .26 23 .37
88C-120 Lospe 44 17 27 26
88C-119  Lospe 62 40 22 20
88C-118 Lospe .64 .29 .35 34
88C-116 Lospe 48 13 35 .34
88C-112  Lospe 52 .16 .36 43
88C-111  Lospe 21 .03 18 18
88C-107 Lospe 27 .06 21 24
88C-105 Lospe 41 13 28 .30
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Carbon was measured by methods described by Jackson and others (1987).
Total carbon was determined by dry combustion with a Coulometrics, Inc. Model
5020 Total Carbon Apparatus. Carbonate carbon was measured by automated
coulometric titration of carbon dioxide (Huffman, 1977) using a Coulometrics, Inc.
Model 5010 Carbon Dioxide Coulometer. Organic carbon was then determined by
the difference between total carbon and carbonate carbon.

Although the Rock-Eval, vitrinite reflectance, and organic carbon techniques
are widely used and accepted, there is a high degree of variability in the sample
preparation steps, analytical procedures, and units of measurement employed in
various laboratories. Therefore, caution must be used when comparing source rock
data from different laboratories (Dembicki, 1984).

QUANTITY OF ORGANIC MATTER

The quantity of organic matter in the samples is indicated by the Rock-Eval
TOC (total organic carbon, in weight percent), organic carbon determined from
combustion and coulometry, and the Rock-Eval quantities S1 and S2. The Rock-
Eval TOC of mudstones in the Lospe Formation ranges from 0.18 to 0.68 percent
with a mean of about 0.35 percent (tables 1 and 4); these results are generally close to
the amounts of organic carbon determined from combustion and coulometry (tables
2 and 4). Only one of the 14 Lospe samples exhibits a Rock-Eval TOC or organic
carbon value greater than 0.5 percent (table 2), which is regarded as the lower limit
for potential source rocks of petroleum by Tissot and Welte (1984). Comparison
with table 5 shows that, on the basis of Rock-Eval TOC and organic carbon, 13 of the
14 Lospe samples have poor hydrocarbon generative potential, while one sample
has fair generative potential. In contrast, the Rock-Eval TOC values for mudstones
of the Point Sal Formation range from 1.47 to 3.57 percent and average 2.38 percent
(tables 1 and 4); these results are comparable to the amounts of organic carbon
measured by combustion and coulometry (tables 2 and 4), and indicate that the Point
Sal samples have good to very good hydrocarbon generative potential (table 5). The
Rock-Eval TOC and organic carbon results from both the Lospe and Point Sal
Formations should be viewed with caution, however, because the amount of
organic material in rocks can be significantly reduced by oxidation during outcrop
weathering (Leythaeuser, 1973; Clayton and Swetland, 1978; Peters, 1986; Stanley,
1987) and, in thermally mature and overmature rocks, by losses due to hydrocarbon
generation and expulsion (Daly and Edman, 1987). Vitrinite reflectance results
(discussed later in this report) from the North Beach samples suggest thermal
maturities within the oil-generative window and the upper part of the condensate
and wet gas zone (table 3 and figure 2); organic carbon reductions at such levels of
thermal maturity are generally small (10-20 percent) for type III and IV kerogens,
which are common in samples from the Lospe and Point Sal Formations, but may
be as much as 50 percent for type II kerogens (A.R. Daly and ].D. Edman, Exlog and
Brown and Ruth Laboratories, Englewood, Colorado, written communication to
D.W. Houseknecht, 1987). A further complication is that organic carbon can be
increased by contamination due to migrated bitumen (K.E. Peters, Chevron, written

12



Table 5. Geochemical parameters describing source rock generative potential,
from Peters (1986)

Potential TOC S1 S2
(weight %) (mg HC/g rock) (mg HC/g rock)
Poor 0-0.5 0-0.5 0-2.5
Fair 0.5-1.0 0.5-1.0 2.5-5.0
Good 1.0-2.0 1.0-2.0 5.0-10.0
Very good 2.0+ 2.0+ 10.0+

Table 6. Geochemical parameters describing type of hydrocarbon generated,
from Peters (1986)

Type Hydrogen Index (HI) S2/S3
Gas 0-150 0-3
Gas and oil 150-300 3-5
Oil 300+ 5+

13



communication, 1992), which may be significant in some of our Point Sal samples,
as noted below.

Values of S1 for mudstones from the Lospe Formation range from 0 to 0.96,
with a mean of about 0.17 (tables 1 and 4). Thirteen of the 14 Lospe samples exhibit
values of S1 less than 0.5 (table 1), suggesting poor generative potential (table 5). All
Lospe samples exhibit values of S2 of less than 2.5 (table 1), also indicating poor
generative potential (table 5). Samples from the Point Sal Formation exhibit S1
values ranging from 1.10 to 3.35 (table 1), suggesting good to very good hydrocarbon
generative potential (table 5); however, these high values most likely reflect the
presence of indigenous or migrated oil, which is also indicated by the strong oily
odor emitted by freshly-broken surfaces of these rocks. Values of S2 from the Point
Sal Formation range from 0.58 to 2.96 (table 1), are generally higher than from the
Lospe, and indicate poor to fair generative potential for the Point Sal (table 5).

We suggest that the generally low values of S1 and S2 in the Lospe samples
indicate initially poor generative potential due to a large proportion of woody
(humic) and oxidized (inertinitic and recycled) kerogens, as discussed below in the
section on “Types of Organic Matter.” The values of S1 and S2 in the Lospe also may
have been lowered by oxidation of organic matter during surface weathering of the
sampled outcrops, by adsorption on clay minerals of the hydrocarbons produced
during pyrolysis, and by hydrocarbon generation and expulsion during thermal
maturation (Peters, 1986; Daly and Edman, 1987), but the amounts of such losses are
unknown.

Both the quantity of organic matter and the inferred hydrocarbon generative
potential in the samples appear to correlate with depositional environment.
Mudstones of the Point Sal Formation that were deposited in bathyal, oxygen-poor
marine environments have generally higher values of TOC, S1, and S2 than
mudstones of the Lospe Formation that accumulated in a lacustrine setting (table 1).
The reasons for this are unclear but may include one or more of the following: (1)
Rates of consumption of organic matter by bottom-dwelling invertebrates and
microorganisms may have been higher in the Lospe lake than the Point Sal sea; this
hypothesis is consistent with our field observation that burrowed intervals are more
common in the Lospe than in the Point Sal Formation, while laminated intervals
are more common in the Point Sal. (2) Accumulation rates of terrigenous debris
(silt and clay) may have been higher than accumulation rates of organic matter
during deposition of the Lospe Formation, resulting in relatively greater dilution of
organic material in the Lospe than in the Point Sal. (3) Rates of organic productivity
may have been higher in the bathyal marine setting of the Point Sal Formation than
in the lacustrine setting of the Lospe, perhaps because coastal upwelling made the
marine environments more nutrient-rich and therefore more fertile.

TYPES OF ORGANIC MATTER

Plots of hydrogen index (HI) versus oxygen index (OI) on a modified van
Krevelen diagram (fig. 3) show a range of kerogen compositions in samples from
the Lospe and Point Sal Formations, and also indicate considerable overlap between
the two formations. Most of the Lospe and Point Sal samples are types IIl and 1V,

14
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Figure 3. Modified van Krevelen diagram (Peters, 1986) showing idealized kerogen
types (solid lines) and results for samples from the Lospe Formation (empty squares)
and the Point Sal Formation (filled squares) from the North Beach section (table 1).
Type I and type Il kerogens are oil-prone, type III kerogens are gas-prone, and type IV
kerogens are inert (Peters, 1986).
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but some appear to be intermediate between types II and III. Type II kerogens are
generally considered to be potential sources of both oil and gas, while type III
kerogens are sources mainly of gas (Tissot and Welte, 1984; Peters, 1986). Type IV
kerogens are generally regarded as inert, with little or no hydrocarbon source
potential (Peters, 1986; K.E. Peters, written communication, 1992).

A wide range in kerogen compositions also is suggested by variations in the
values of HI and the ratio S2/S3. HI ranges from 39 to 122 in the Point Sal
Formation, and from 10 to 383 in the Lospe Formation (tables 1 and 4). All 4
samples from the Point Sal Formation and 9 of the 14 Lospe samples exhibit HI less
than 150 and values of S2/S3 less than 3 (table 1), suggesting gas generative potential
(table 6). These results should be viewed with caution because both HI and 52/S3
can be reduced by (1) thermal maturation accompanied by generation and
subsequent escape of hydrocarbons, (2) adsorption of pyrolytic organic compounds
onto the clay mineral matrix during pyrolysis, and (3) oxidation of organic matter
during transport, sedimentation, diagenesis, or outcrop weathering (Peters, 1986).
Taken at face value, however, the Rock-Eval data suggest that kerogens in the Lospe
Formation are variable in composition, and mostly gas-prone. Two Lospe samples
are clearly anomalous, with HI greater than 300 and S2/S3 between 3 and 5 (table 1).
The reasons for these anomalously high values are unknown, but may reflect the
presence of migrated bitumen.

Analysis of palynomorphs in samples from the North Beach section suggests
that much of the organic matter in the Lospe is of terrestrial (humic and herbaceous)
origin. (Four samples from the Point Sal Formation were processed for
palynomorphs but were barren.) The palynomorphs from the Lospe show signs of
oxidation, but yield evidence of a diverse terrestrial vascular plant flora including
Carya (hickory), Quercus (oaks), Juglans (walnuts), Ulmus (elms), Betula (birch),
Pinaceae (pines), Alnus (alder), Pterocarya (trees related to walnut and hickory),
Bombacaceae (tropical trees, including baobab and balsa), Ilex (holly), Ephedra
(Mormon tea), Salix (willows), Malvaceae (mallow family; e.g., cotton), and
Astereaceae (sunflower family). This assemblage suggests a deciduous hardwood
forest and temperate climate with wet summers. Also found were palynomorphs of
the Chenopodiaceae (goosefoot family; e.g., spinach, beets, and saltbush), which may
indicate alkaline soil. Several Lospe samples contained reworked pollen of Late
Cretaceous and Paleogene age. A few samples yielded sparse marine dinocysts,
which may indicate that the Lospe lake was at times marine-influenced;
alternatively, the dinocysts may have been reworked from older marine strata.

One of the samples from the Lospe Formation (table 1, sample 88C-121) shows
an oxygen index (OI) value of 208. Values over 150 are unusually high (Katz, 1983),
and can be caused by oxidation of organic matter in the samples during outcrop
weathering (Peters, 1986; Stanley, 1987) or by generation of carbon dioxide during
pyrolysis by thermal degradation of carbonate minerals such as calcite, dolomite, and
siderite (Katz, 1983; Peters, 1986). Either or both of these problems may have affected
our data, because the samples were collected from surface exposures susceptible to
weathering and because the samples were not treated with acid to remove carbonate
before pyrolysis.
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THERMAL MATURITY

The thermal maturity of organic matter in our samples is indicated by the
vitrinite reflectance (percent Ry); however, these results should be viewed with
caution because of the low numbers of vitrinite reflectance measurements in some
samples (table 3). The vitrinite reflectance of samples from the Lospe Formation
ranges from 0.68 to 1.49 percent R, with a mean of 1.26 percent R, (tables 3 and 4).
Comparison of these values with the thermal maturity range chart (table 7) indicates
that the thermal maturity of Lospe samples falls within the oil-generative window
and the upper part of the condensate and wet gas zone (fig. 2). The vitrinite
reflectance of samples from the Point Sal Formation ranges from 1.32 to 1.56 percent
R, with a mean of 1.45 percent R, (tables 3 and 4), falling within the lower part of
the oil-generative window and the upper part of the condensate and wet gas zone
(fig. 2). Thus, on the basis of the ranges and mean values of vitrinite reflectance, it
appears that the thermal maturity of the Point Sal Formation is about the same to
somewhat higher than the underlying Lospe Formation. Inspection of fig. 2 shows
that the relationship between vitrinite reflectance and stratigraphic position is not a
simple linear trend, and that there is an apparent increase in vitrinite reflectance in
the part of the section above 225 m from the base of the Lospe.

The vitrinite in most samples is consistent in appearance, with some plant
structure visible and some evidence of weathering. No obviously recycled vitrinite
was noted. In most of our samples, histograms of the reflectance measurements
exhibit unimodal populations with well-defined peaks. None of the histograms
show the bimodal distribution expected from samples that contain both primary and
recycled vitrinite (e.g., Hunt, 1979).

Nevertheless, the vitrinite reflectance values for sample 88C-122 are
anomalously low compared to the other samples (fig. 2). The reason for this is
unknown, but may be related to retardation of vitrinite maturation due to the
absorption of thermally-generated bitumen into the vitrinite, as proposed by Peters
and others (1978) for a similar anomaly noted in samples of Cretaceous rocks from
the Atlantic Ocean. Another possibility is that this sample was somehow shielded
from the high temperatures that affected the other samples. If the high
temperatures were related to migrating hot fluids in the subsurface, shielding may
have been provided by local permeability barriers such as faults, clayey intervals, or
zones of early cementation in the surrounding strata.

Six of the 14 Lospe samples and 2 of the 4 Point Sal samples exhibit Tmax less
than 435 °C (table 1), suggesting that these rocks are thermally immature with
respect to the oil-generative window (table 7)--a result that is inconsistent with the
high thermal maturities indicated by the vitrinite reflectance data. Anomalously
low Tmax can be caused by the occurrence of resinite (fossil tree resin), and by oil that
has been generated in place or migrated into the rock (Peters, 1986). The presence of
oil is an obvious explanation for low Tmax in some samples (88C-121, 88C-123, 88C-
124, 88C-129, DRV-11, and DRV-12) that also exhibit high production index (PI)
values. Further organic geochemical analysis--for example, organic petrography,
and extraction prior to Rock-Eval pyrolysis (Peters, 1986)--may resolve the problem
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Table 7. Geochemical parameters describing level of thermal maturation (from Peters
1986), and corresponding estimated burial temperatures (Thyrial) calculated from vitrinite
reflectance using the following equation (Barker, 1988): In (R,) = 0.0096 (Tpyrial) - 1.4

Maturation Production Index (PI)! Tmax? Vitrinite Tourial
[S1/(S1 + S2)]  C) reflectance "C)
(percent R,)
Top oil window ca. 0.1 ca. 435-445 ca. 0.6 ca. 93
Bottom oil window ca. 04 ca. 470 ca. 14 ca. 181

1T nax and PI are crude measurements of thermal maturation and are partly
dependent on other factors, including the type of organic matter (Peters, 1986).

Table 8. Maximum burial temperatures (Tpyrial) calculated from vitrinite reflectance
results using the following equation (Barker, 1988): In (Rp) = 0.0096 (Tpyriar) - 1.4. See
text for discussion

Mean R, Tourial
Subset (%) O
(from table 3)
All samples
minimum 0.68 106
maximum 1.56 192
mean 1.29 172
Point Sal Fm.
minimum 1.32 175
maximum 1.56 192
mean 1.46 185
Lospe Fm.
minimum .68 106
maximum 1.49 187
mean 1.26 170
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of anomalously low values of Tyx relative to vitrinite reflectance in the other
samples.

INFERRED PALEOTEMPERATURES IN THE NORTH BEACH SECTION

Vitrinite reflectance data can be used to estimate maximum burial
temperatures using the following equation (Barker, 1988):

In(R,) = 0.0096(Tpyurigl) - 1.4 1)

where R, is the vitrinite reflectance (in percent), and Tpyria] is the maximum burial
temperature in °C. Potential errors may be as great as + 30 °C (Laughland and
others, 1990). Using equation 1 and the observed vitrinite reflectance values from
the Point Sal area, we calculate maximum burial temperatures for the Lospe
Formation ranging from 106 °C to 187 °C, with a mean of 170 °C (table 8). The
calculated temperatures for the Point Sal Formation are generally higher, ranging
from 175 °C to 192 °C, with a mean of 185 °C. Recent work by Barker and Pawlewicz
(1994) suggests that maximum temperatures may have been as much as 20 °C
higher if one assumes that the vitrinite reflectance values reflect peak heating
during hydrothermal metamorphism, rather than burial heating.

These results are noteworthy for two reasons. First, our vitrinite reflectance
values and calculated paleotemperatures are, to the best of our knowledge, the
highest ever reported for rocks of Miocene and younger age in the Santa Maria
province. Second, our results suggest an inverted thermal maturity profile, in
which the Lospe Formation appears to be less thermally mature than the overlying
Point Sal Formation. This is contrary to the usual case in which rocks that are
stratigraphically and/or structurally lower exhibit higher levels of thermal maturity
because they have been buried deeper and experienced correspondingly higher
temperatures (e.g., Hunt, 1979; Tissot and Welte, 1984). These issues are further
discussed below.

COMPARISON WITH PREVIOUS THERMAL MATURITY RESULTS FROM THE
SANTA MARIA BASIN

For several reasons, little information is available to the public on the
thermal maturity of strata in the Santa Maria basin. Research done by the
petroleum industry is largely unpublished (Isaacs and Petersen, 1987). Most studies
have focused on the Monterey Formation, but experience suggests that
conventional techniques of measuring thermal maturity--including vitrinite
reflectance, Rock-Eval Tmax, Thermal Alteration Index (TAI, a measurement of
kerogen on a color scale), and others--may be unreliable or difficult to interpret in
the Monterey (Isaacs and Petersen, 1987; Isaacs, 1988). Another problem is that
vitrinite particles are sparse or absent from the Monterey in many areas (Isaacs and
Petersen, 1987). Some evidence suggests that the Monterey Formation in some areas
generates oil at lower than expected levels of thermal maturity, perhaps at vitrinite
reflectance values less than 0.4 percent R, (McCulloh, 1979; Petersen and Hickey,
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1987; Isaacs and Petersen, 1987; Isaacs, 1987, 1988). Low-temperature generation of
petroleum in the Monterey, if it occurs, may be related to the unusual chemistry of
some Monterey kerogens, particularly the high sulfur content (Orr, 1984; Petersen
and Hickey, 1987; Isaacs, 1988; Baskin and Peters, 1992). The notion of low-
temperature generation of petroleum in the Monterey is not universally accepted,
however (for example, see Dunham and others, 1991, p. 442-443).

Currently available information, summarized here, indicates that the
Monterey Formation and other Neogene strata in the Santa Maria basin and
surrounding areas are thermally immature to mature with respect to the
conventional oil-generative window (table 7). Studies of silica diagenesis in the
Santa Maria basin and surrounding areas show that, in places, siliceous strata of the
Monterey Formation have been buried at least as deep as the zone of transformation
of opal-CT to quartz, which corresponds to temperatures of about 75 to 85 °C (Isaacs,
1988, and references therein), slightly less than the top of the oil-generative window
at about 93 °C (table 7). In some parts of the Santa Maria basin, the Monterey
Formation presently is situated at depths where temperatures exceed 120 °C, well
within the conventional oil window (Dunham and others, 1991, p. 443). Studies of
illite/smectite geothermometry of the Monterey Formation in a well in the Orcutt
field (fig. 1) suggest temperatures greater than 100 to 105 °C (Pollastro, 1990), which
fall within the oil-generative window (table 7). In the Point Arguello oil field about
10 km southwest of Point Arguello (fig. 1), the highest measured temperature was
about 128.8 °C at a depth of about 2,255 m (Williams and others, 1994, p. F6; Colin
Williams, oral communication, 1995), also within the oil window (table 7). A
reconnaissance study of 43 well and outcrop samples from the Miocene Point Sal
and Monterey Formations and the Miocene and Pliocene Sisquoc Formation of the
onshore Santa Maria basin and the Miocene Monterey Formation of the Santa
Barbara coast showed vitrinite reflectance values of 0.21 to 0.6 percent Ry and TAI
values of 1.1 to 2.5, indicating that these rocks are thermally immature to marginally
mature (Isaacs and Magoon, 1984; Isaacs and Tomson, 1990). A regional study of
more than 200 outcrop and subsurface samples from the Santa Maria and Ventura
basins concluded (on the basis of TAI, R,, Rock-Eval pyrolysis Tmax, sapropel
fluorescence, and silica diagenetic grade) that the Point Sal and Monterey
Formations are generally immature to marginally mature but are fully mature in
certain areas such as subthrust sections and deep synclines (Global Geochemistry
Corporation, 1985). In a study of the Monterey Formation, Keller (1984) reported
that 16 outcrop samples from the Santa Barbara coast and 2 subsurface samples from
the onshore Santa Maria basin showed Rock-Eval pyrolysis Tmax values ranging
from 397 to 436 °C, or immature to marginally mature (table 7). Six outcrop samples
of the Monterey Formation along the Santa Barbara coast showed several organic
geochemical characteristics consistent with thermal immaturity (G.E. Claypool in
Taylor, 1976, p. 25). Also from the Santa Barbara coast, unpublished analyses of
atomic hydrogen/carbon ratios in organic matter in 37 samples indicate that the
Monterey Formation in this area is thermally immature (C.M. Isaacs, written
communication, 1991). A sample of the Monterey Formation collected from near
Gaviota (fig. 1) showed a vitrinite reflectance of 0.38 percent R, (Pytte, 1989). The
lower Miocene Rincon Shale of the Santa Barbara coast also is thermally immature,

20



on the basis of Rock-Eval pyrolysis Tmax values (Stanley and others, 1992b, 1993). In
the Point Conception COST well (fig. 1), the highest average vitrinite reflectance
values reported were 0.68 percent R, for Mesozoic rocks near the bottom of the well,
and 0.34 percent R, for the oldest Neogene rocks (Bostick, 1979). In the same well,
similarly low levels of thermal maturity also were suggested by studies of molecular
composition of saturated hydrocarbons, pyrolysis characteristics, elemental analysis
of solid organic matter, TAI values, and thermal history modeling (Claypool and
others, 1979; Petersen and Hickey, 1987). In the San Luis Obispo area (fig. 1), samples
of the Monterey Formation from outcrops and wells are immature to marginally
mature on the basis of Rock-Eval Tp,ax ranging from 410 to 429 °C (Frizzell and
Claypool, 1983), and TAI results that correspond to vitrinite reflectance values of
about 0.3 to 0.7 percent R, (Surdam and Stanley, 1984). Kablanow and Surdam (1984)
and Isaacs and Tomson (1990) reported additional pyrolysis results (using techniques
other than Rock-Eval) indicating that the Monterey Formation is thermally
immature in the San Luis Obispo and Santa Maria areas.

Higher levels of thermal maturity occur sporadically in the Santa Maria area
in rocks older than Miocene. In the Santa Ynez Mountains and southern Coast
Ranges (fig. 1), TAI results from 115 outcrop samples and 20 core samples show that
Mesozoic and Paleogene rocks are thermally immature to mature with respect to the
oil-generative window (Frederiksen, 1985). Also in the Santa Ynez Mountains,
vitrinite reflectance values from 20 outcrop samples and 25 subsurface samples of
Mesozoic and Paleogene rocks range from 0.23 to 2.44 percent Ro, or thermally
immature to overmature with respect to the oil-generative window (Helmold, 1980;
Helmold and van de Kamp, 1984). Frizzell and Claypool (1983) reported Rock-Eval
pyrolysis results from 17 samples of Mesozoic and Paleogene strata in the San Luis
Obispo and Cuyama River gorge areas (fig. 1); however, only two of these samples
showed S2 peaks greater than 0.2 mg HC/g (Peters, 1986), and these had Tmax values
of 430 °C and 444 °C, or immature to marginally mature with respect to the oil-
generative window (table 7). Howell and Claypool (1977) suggested, on the basis of
pyrolysis data (technique of Claypool and Reed, 1976), that three mudstone samples
from the Lower Cretaceous of the southern Coast Ranges had reached maximum
paleotemperatures of 230 to 200 °C, or overmature with respect to the oil-generative
window; however, these estimates of paleotemperature may not be reliable because
all three samples had low pyrolytic hydrocarbon yields (Howell and Claypool, 1977).

In summary, previous investigations have found that Neogene strata in the
Santa Maria basin and surrounding region are thermally immature to marginally
mature, while Mesozoic and Paleogene strata range from immature to overmature.
Our vitrinite reflectance results (range 0.68 to 1.56 percent Ry, mean 1.29 percent Ro)
and inferred paleotemperatures (range 106 to 192 °C, mean 172 °C) for the Lospe and
Point Sal Formations in the North Beach section appear to include the highest ever
reported from Neogene rocks in the Santa Maria area.
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GEOLOGIC SIGNIFICANCE OF HIGH THERMAL MATURITIES AND
PALEOTEMPERATURES

To better understand the possible geologic significance of the high thermal
maturities and corresponding high paleotemperatures in the North Beach section,
we compared our observed vitrinite reflectance values with those predicted by a
commercial computer program, BasinMod version 2.95 (Platte River Associates,
1992). The BasinMod program constructs geological models of thermal maturity
from stratigraphic and geothermal data provided by the user, and relies on a variety
of assumptions regarding physical parameters such as compaction, thermal
conductivity, heat capacity, and kinetics that are built into the program.

We used BasinMod to construct three models that predict vitrinite reflectance
versus stratigraphic position for the North Beach section (figure 4). All three
models incorporate data on lithology, thickness, age, and paleobathymetry from
McCrory and others (in press, their table A3). Present-day geothermal gradients in
the Santa Maria basin are markedly variable from place to place and from formation
to formation, but generally in the range of 45-60 °C/km for the Foxen Mudstone and
older units, and 20-40 “C/km for the Careaga Sandstone and units younger than the
Careaga (Williams and others, 1994, p. F6). The three predictive models in figure 4
were calculated by BasinMod from the minimum (curve A), mean (curve B), and
maximum (curve C) geothermal gradients reported by Williams and others (1994).

Inspection of figure 4 shows that most of the observed values of vitrinite
reflectance in the upper part of the Lospe Formation and in the Point Sal Formation
are higher than predicted by BasinMod for even the maximum geothermal
gradients. Furthermore, the observed values suggest an inverted thermal maturity
profile (mentioned earlier in this report), which contrasts with BasinMod’s
prediction of a smooth increase in thermal maturity with depth (figure 4). We
suggest that the anomalously high observed values of vitrinite reflectance and the
apparent inverted thermal maturity profile at North Beach resulted from a local
heat source such as the gabbro sill in the lower part of the Point Sal Formation
(figure 2), or a zone of high-temperature hydrothermal waters in the lower part of
the Point Sal Formation and upper part of the Lospe. The temperatures and
thermal effects presumably were greatest in the rocks immediately adjacent to the
heat source and decreased with distance away from it, resulting in the apparent
inverted thermal maturity profile. Figure 4 also shows that the observed and
predicted values of vitrinite reflectance (assuming mean and maximum geothermal
gradients) seem to converge about 250 m below the base of the gabbro sill. On the
basis of this convergence, we suggest that the observed values of vitrinite reflectance
in the middle of the Lospe Formation reflect thermal maturation during burial at
present-day geothermal gradients.

Most basic magmas crystallize at temperatures of about 900 to 1200 °C
(Macdonald, 1972; Hyndman, 1985). High levels of thermal maturity and unusual
thermal maturity profiles in mudrocks and coals that have been invaded by hot
igneous intrusions have been widely reported (Briggs, 1935; Dapples, 1939; Dutcher
and others, 1966; Schopf and Long, 1966; Bostick, 1971; Dow, 1977; Peters and others,
1978, 1983; Simoneit and others, 1978, 1981; Dypvik, 1979; Perregaard and Schiener,
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Figure 4. Values of vitrinite reflectance (on a logarithmic scale) calculated by the commercial computer
program BasinMod in the North Beach area (dashed lines), for three different sets of assumed geothermal
gradients: A, 20 *C/km for the Careaga Sandstone and younger units, and 45 *C/km for the Foxen
Mudstone and older units; B, 30 "C/km for the Careaga Sandstone and younger units, and 52.5 ‘C/km for
the Foxen Mudstone and older units; and C, 40 *C/km for the Careaga Sandstone and younger units, and
60 *C/km for the Foxen Mudstone and older units. Compare the calculated values with actual observed
values of vitrinite reflectance from table 2 (dots). See text for discussion.
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1979; Bostick and Pawlewicz, 1984; Clayton and Bostick, 1985; Niem and Niem, 1985).
Igneous intrusions can cause a large increase in the vitrinite reflectance of the
intruded rocks by providing high temperatures over short time ranges (Hunt, 1979).
Reflectance values above 3 percent R, are common in contact metamorphism, but
decrease with increasing distance away from the intrusive (Dow, 1977; Peters and
others, 1978, 1983; Hunt, 1979; Bostick and Pawlewicz, 1984; Clayton and Bostick,
1985). A traditional rule of thumb is that contact metamorphism affects the
intruded rocks for a distance of about one to two times the thickness of the intrusive
body (Dow, 1977; K.E. Peters, oral communication, 1992). The actual distance,
however, depends on the size of the intrusive, the temperature difference between
the magma and the intruded rock, the rate of cooling, the depth at which the
intrusive was emplaced, the amount of volatiles emitted from the magma, the
amount of pore water in the intruded rocks, and the thermal conductivity of the
intruded rocks (Dow, 1977; Hunt, 1979, Simoneit and others, 1981; Peters and others,
1983).

In the North Beach section, the observed values of vitrinite reflectance differ
significantly from the ones predicted by BasinMod for a distance of about 250 m
below the gabbro sill (assuming maximum present day geothermal gradients,
represented by curve C on figure 4). This may mean that contact metamorphism
extended as far as 250 m from the sill. However, the rule of thumb noted above
predicts that the zone of contact metamorphism should extend only about 25-60 m
from the sill, which is about 25-30 m thick. Perhaps the width of the apparent zone
of contact metamorphism was enhanced by hot hydrothermal waters that either
accompanied the gabbro intrusion or circulated during a separate event before or
after the intrusion. Hot fluids may have found conduits along the ubiquitous faults
and fractures in the area, and also along permeable horizons of sandstone within
the Point Sal and Lospe Formations. Hydrocarbons may have been thermally
generated in organic-rich strata of the Point Sal Formation, and may have circulated
with the hydrothermal waters. High-temperature hydrothermal systems associated
with volcanism have been recognized in many parts of the world, and are known to
have resulted in geologically rapid thermal maturation of sedimentary strata over
thicknesses of hundreds of meters (see, for examples, Barker and Pawlewicz, 1990;
Summer and Verosub, 1992; and references therein).

It is possible that geothermal gradients in the Santa Maria basin were higher
in the geologic past. Several tectonic and thermal models invoking subcrustal
slabless windows, with asthenospheric upwelling resulting in high heat flow and
high geothermal gradients, have been proposed for the Santa Maria area (Heasler
and Surdam, 1983, 1985, 1989; Compton, 1991; Howie, 1991). It is also possible that
higher temperatures could have been reached during deep burial beneath one or
more thrust sheets during late Cenozoic compressional tectonism in the area, but
we believe this is unlikely because available structural cross-sections show that the
Casmalia Hills (including the North Beach section) are on the structurally highest
block in the Santa Maria Basin (Woodring and Bramlette, 1950), and not in the
lower plate beneath any recognized thrust fault. While tectonic models invoking
higher ancient geothermal gradients or deeper burial may help explain some aspects
of the high thermal maturity observed at North Beach, our analysis using BasinMod

24



and modern geothermal gradients suggests that such models are not needed.
Furthermore, the inverted thermal maturity profile found at North Beach can only
be explained by a local thermal anomaly such as an igneous intrusion or
hydrothermal system.

SUMMARY AND IMPLICATIONS FOR PETROLEUM EXPLORATION

Worldwide experience indicates that certain lakebed sediments can be prolific
petroleum source rocks (Fouch and Dean, 1982; Powell, 1986, Katz, 1990).
Nevertheless, results from Rock-Eval pyrolysis of a limited number of outcrop
samples suggest that, at least locally, lacustrine and shallow-marine mudstones of
the Lospe Formation contain too little organic matter (organic carbon generally less
than 0.5 percent) to be potential source rocks of petroleum. In contrast to the Lospe,
the amount of organic carbon in the Point Sal Formation ranges from about 1.5 to
more than 3.5 percent (tables 2 and 4). In the Monterey Formation, the principal
source rock in the Santa Maria basin, organic carbon content averages about 5
percent and is as high as 23 percent in individual beds (Isaacs and Petersen, 1987).
Kerogens in the Lospe are mainly gas-prone Type III and inert(?) Type IV. Monterey
kerogens, however, are mostly oil-prone Type II, and of mixed marine algal and
terrestrial origin (Isaacs and Petersen, 1987; Isaacs, 1988).

The data set from the North Beach section is small and may not be
representative of the Lospe Formation everywhere. It is possible that organic-rich
mudstones occur in the Lospe elsewhere in the Santa Maria basin. Our preliminary
conclusions can be tested by further investigations, including regional studies of
subsurface cores and cuttings (rather than outcrop samples, which are susceptible to
weathering), by using samples that are less thermally mature than those from the
North Beach section, and by additional geochemical analyses such as hydrous
pyrolysis (e.g., Lewan, 1985; Peters and others, 1990), and kerogen elemental
composition (e.g., Tissot and Welte, 1984, and references therein).

Previous work by Lillis and King (1991) suggested two major periods of oil
generation and migration in the Santa Maria basin: one during the late Miocene, in
which low-gravity, high-sulfur oil was generated in the Monterey Formation and
migrated into existing stratigraphic and structural traps; and a later episode in which
high-gravity, low-sulfur oil generated at higher levels of thermal maturity moved
into folds of Pliocene and Quaternary age. Our thermal maturity results from the
North Beach section suggest the hypothesis that a third, earlier, and volumetrically
less significant episode of oil generation (most likely in the Point Sal Formation)
occurred locally near early to middle Miocene igneous intrusions and (or)
hydrothermal systems.

Heat from igneous intrusions and high-temperature hydrothermal waters
can cause thermal transformation of organic matter in petroleum source rocks near
the intrusion, and generation of o0il and gas (Simoneit and others, 1978, 1981; Peters
and others, 1983; Tissot and Welte, 1984; Kvenvolden and Simoneit, 1990). The
exact time-temperature history of these processes are unknown, but one scenario
suggests that petroleum can form by intense heating (at about 300-350 °C) during
periods as short as about 100 years (Kvenvolden and others, 1988; Simoneit and
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Kvenvolden, 1994). We suggest that at least some of the oil detected in our samples
from the North Beach section could have been generated in organic-rich strata of
the Point Sal Formation by heating during early or middle Miocene intrusion or
hydrothermal activity. We further speculate that, if similar intrusions or
hydrothermal systems occur elsewhere in the Santa Maria basin, they may have
caused generation of limited quantities of oil and gas in small areas. Subsequently,
some of this petroleum may have accumulated in early-formed fault and
stratigraphic traps (e.g., Namson and Davis, 1990; Lillis and King, 1991) in strata
overlying the intrusions. Hydrocarbons may also have accumulated beneath thick,
laterally extensive sills like the one near North Beach; such sills may have served
not only as heat sources, but also as seals that trapped oil and gas generated in
organic-rich shales of the Point Sal Formation.

Basic igneous dikes and sills of Miocene age have been recognized in outcrop
along the fringes of the Santa Maria basin in the San Luis Obispo area (Hall, 1973;
Hall and others, 1979), in the nearby Southern Coast Ranges (Hall and Corbaté, 1967;
Hall, 1978b, 1981a, 1981b; Vedder and others, 1988) and in the Santa Ynez Mountains
(Robyn, 1980), but we know of no Miocene intrusions in the subsurface in the
onshore Santa Maria basin. However, organic geochemical studies suggest that parts
of the basin, including the Casmalia and Orcutt fields, may have experienced higher
heat flow in the past (King and Lillis, 1990); the elevated heat flow may have
resulted from crustal thinning and/or emplacement of yet-unrecognized Miocene
igneous intrusions or hydrothermal systems in the subsurface. Oil generated near
such thermal anomalies might occur along the Santa Ynez River fault at the
southern margin of the Santa Maria basin, where clockwise tectonic rotation of the
Santa Ynez Mountains during the early and middle Miocene (Hornafius, 1985;
Luyendyk, 1991) may have caused the creation of small triangular crustal gaps that
were the sites of mantle upwelling (Cole and others, 1991b). These speculative ideas
can be tested by further drilling, geophysical investigations, organic geochemical
studies, and radiometric dating of intrusions.
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